Introduction
Static exercise causes increases in heart rate and blood pressure that are mediated by decreases in parasympathetic and increases in sympathetic neural activity (1, 2) . These autonomic responses have been attributed both to neural signals arising in the central nervous system in association with voluntary motor effort, "central command" (3) (4) (5) (6) , and to reflexes caused by mechanically and chemically sensitive afferents in the contracting skeletal muscle (7) (8) (9) . The relative contribution of these different mechanisms in the regulation of autonomic outflow during exercise may vary considerably depending on the experimental model and specific autonomic outflow under study (6, 10, 11) .
A preliminary report of this work was presented at the Annual Scien-Recent neurophysiologic studies in humans, for example, have provided substantial evidence that during moderate levels of static handgrip, stimulation of chemically sensitive muscle afferents is the principal mechanism responsible for increasing sympathetic outflow to resting skeletal muscle (10, 12) . In contrast, central command and mechanically sensitive muscle afferents have no detectable effects on this particular sympathetic response (10, 13) . The study of muscle sympathetic responses to static handgrip, therefore, provides an experimental approach to examine the function of chemically sensitive muscle afferents in conscious, exercising humans.
We recently have combined this approach with phosphorus nuclear magnetic resonance spectroscopy (31P NMR)' in an attempt to probe the specific metabolic events in contracting skeletal muscle that initiate the reflex stimulation of sympathetic outflow evoked by static exercise. We found that during static handgrip in normal humans, the onset of sympathetic activation in resting leg muscle coincided with the contraction-induced fall in forearm muscle cell pH, an index of increased glycolytic flux resulting from glycogen degradation (12) .
The goal of the present study, therefore, was to test the hypothesis that glycogen degradation in exercising skeletal muscle plays an important role in initiating the reflex stimulation of sympathetic outflow evoked by static contraction. To test this hypothesis we performed microelectrode recordings of muscle sympathetic nerve activity (MSNA) during static exercise in patients with myophosphorylase deficiency (McArdle's disease), a condition in which contraction is not accompanied by glycogen degradation in exercising skeletal muscle (14) (15) (16) .
Methods
Four patients with myophosphorylase deficiency, ages 21-38 yr, participated in these studies. In each of the patients the diagnosis was established on the basis of a typical clinical history of exercise intolerance and exertional myoglobinuria, and muscle biopsy that showed absence of phosphorylase by histochemical and biochemical analysis. All four patients had completely normal neurological examination, 12-lead electrocardiograms, serum electrolytes, and hematocrits. One patient was taking L-thyroxine after complete thyroidectomy for a thyroid tumor in 1971; another patient was taking nadolol, which was discontinued 72 h before the study. Nine healthy volunteers matched for age, sex, and maximal handgrip strength served as control subjects. The study protocol was approved by the Institutional Review Board of human investigation and each subject and patient gave informed written consent to participate.
Multiunit recordings of efferent sympathetic nerve activity were obtained with a unipolar tungsten microelectrode inserted into a mus-1. Abbreviations used in this paper: MSNA, muscle sympathetic nerve activity; MVC, maximal voluntary contraction; NMR, nuclear magnetic resonance; PCr, phosphocreatine; Pi, inorganic phosphate.
cle fascicle of the right peroneal nerve posterior to the fibular head by microneurography. The details of this technique have been previously described (17) . Postganglionic action potentials were amplified 20,000-50,000-fold, filtered using a band width of 700-2,000 Hz, rectified, and integrated (time constant, 0.1 s) to obtain a mean voltage display of MSNA. An acceptable recording site was identified by neurograms that demonstrated spontaneous pulse-synchronized bursts which increased during expiration and during phases 2 and 3 of a Valsalva maneuver, but not during arousal stimuli (loud noise, skin pinch) (17) . Sympathetic bursts were identified by inspection of the filtered and mean voltage neurograms. Simultaneous measurements of MSNA, arterial pressure (oscillometric sphygmomanometer; Critikon, Inc., Tampa, FL), heart rate (electrocardiogram), and force of contraction (handgrip dynamometer; Stoelting Co., Chicago, IL) were performed during a 2-min control period, followed by 90 s of static handgrip at 30% of maximal voluntary contraction (MVC) and a 2-min recovery period. All measurements were obtained with the subjects and patients in the supine position.
In eight additional experiments, we monitored cellular high energy phosphates and pH in exercising forearm muscle with 31P NMR spectroscopy. The handgrip protocol was repeated on a separate day in seven normal subjects and one patient with myophosphorylase deficiency with the exercising forearm placed in a 30-cm horizontal bore, 1.9-tesla superconducting magnet (Oxford Instruments, Oxford, UK) interfaced to a NT-80 console (GE/NMR, Freemont, CA). A 2-cm surface coil tuned to the resonance frequency of 32.5 mHz for 31p was positioned over the flexor digitorium profundis muscle. Magnetic resonance spectra were acquired in 30-s intervals, representing the time average of 20 acquisitions. The cellular concentrations of phosphocreatine (PCr) and inorganic phosphate (Pi) were measured by calculating the area of their respective peaks. Intracellular pH was estimated from the chemical shift of Pi relative to PCr (18) . Free intracellular ADP was calculated using the creatine kinase equilibrium reaction, assuming an equilibrium constant of 5.5 mmol/kg for ATP and 32 mmol/kg for PCr + Cr (19) .
We also examined MSNA responses evoked by baroreceptor deactivation during the Valsalva maneuver and by stimulation of cutaneous afferents during the cold pressor test (hand in ice water for 2 min). These two reflex interventions were used as internal controls, i.e., as nonexercise stimuli to sympathetic outflow (17, 20) . The order of interventions was randomized with 10-min rest periods between interventions.
Statistical analysis was performed using repeated measures analysis of variance with the Bonferroni adjustment for multiple comparisons. Differences were considered statistically significant for P < 0.05. Data are expressed as mean±SE.
Results
Resting NMR spectra, peroneal neurograms, blood pressures, and heart rates all were normal in patients with myophosphorylase deficiency (Tables I and II, Figs. 1 and 2). In both patients and normal control subjects, resting neurograms revealed pulse-synchronous bursts of muscle sympathetic activity. At rest, the sympathetic nerves fired more frequently in the patients vs. controls: 36±6 vs. 23±4 bursts/min (P < 0.05). However, in two of the nine control subjects the resting level of sympathetic discharge was 2 40 bursts/min, a level that was equivalent to that in the two patients with the highest levels of resting sympathetic discharge. Maximal handgrip strength was 39±6 kg in the normal subjects and 36±10 kg in the patients.
In normal subjects, static handgrip at 30% MVC decreased PCr and increased Pi and ADP, decreased pH, and increased MSNA by 134% (Tables I and II, Figs. 1 and 2 ). Increases in MSNA were temporally correlated with decreases in muscle cell pH, beginning 30-60 s from the onset of tension development. In contrast, in one patient with myophosphorylase defi- in the two groups (Table II, Fig. 3 ). At the end of handgrip exercise, three of the four patients developed forearm contractures lasting 10-20 min. This contracture caused pain, but no increase in MSNA, blood pressure, or heart rate.
Unlike handgrip, which had no effect on MSNA in patients with myophosphorylase deficiency, two nonexercise stimuli to sympathetic outflow, the Valsalva maneuver and the cold pressor test, evoked comparably large increases in MSNA in patients and normal subjects (Table III Figure 2 . Segments of original records from one normal subject and one patient with myophosphorylase deficiency showing recordings of MSNA during 90 s of static handgrip at 30% of MVC. Static handgrip markedly increased the frequency and amplitude of the sympathetic neural bursts in the normal subject but had no effect on MSNA in the patient with myophosphorylase deficiency despite comparable force production.
with the highest number ofbursts/minute at rest. Nevertheless, these two control subjects showed large increases in MSNA with static handgrip, increases that were just as large as those seen in our other seven control subjects. Second, the Valsalva maneuver, a standard baroreflex stimulus to MSNA, evoked equally large increases in sympathetic activity in our patients and control subjects. We therefore suggest that the abnormal metabolism in contracting skeletal muscle explains the failure of static handgrip to increase MSNA in patients with myophosphorylase deficiency. Our findings suggest several possible mechanisms whereby glycogen degradation may be an important step in the activation of the muscle afferents that reflexly increase MSNA during handgrip in normal humans. One possibility is that these afferents are activated directly by hydrogen ions resulting from glycolytic production of lactic acid. From these human experiments, however, we cannot exclude the alternative possibility that such afferents might be activated either by products of glycogen breakdown and glycolysis other than hydrogen ions, or by nonglycolytic products whose accumulation in the muscle interstitium is facilitated by intramuscular acidification.
Our data also are consistent with several recent reports. In anesthetized animals, lactic acid has been shown to stimulate muscle afferents (22, 23) and reflexly increase arterial pressure (24) . In conscious dogs, the pressor response to progressive muscle ischemia during treadmill exercise was strongly correlated to venous effluent pH (25) . In normal humans, we previously found a close temporal relationship between decreases in forearm muscle cell pH and increases in peroneal MSNA during static handgrip (12) , an observation that we now have replicated in the present experiments. Sinoway et al. (26) recently found a similar relationship in normal subjects between handgrip-induced decreases in forearm muscle cell pH and increases in calf vascular resistance, the latter being the functional consequence of increased MSNA.
Our findings in patients with myophosphorylase deficiency do not exclude the possibility that in normal humans metabolic processes other than glycogen degradation and glycolysis also might be important in the reflex regulation of autonomic outflow during exercise. Studies in anesthetized animals, for example, have advanced the concept that mitochondrial respiration in active muscle evokes reflex increases in cardiac output (27) . Previous studies in humans have suggested that a reduced availability of substrate for mitochondrial respiration in myophosphorylase deficient muscle explains the observation that, for a given increase in total body oxygen consumption during dynamic leg exercise, these patients show exagger-
ated increases in cardiac output and resultant increases in blood pressure (28) . During static handgrip, however, the principal metabolites that normally stimulate mitochondrial respiration, ADP, and Pi are unlikely to be important determinants of sympathetic outflow to resting skeletal muscle. Our patients with myophosphorylase deficiency showed no increase in MSNA during handgrip despite augmented cellular accumulation of these phosphorus-containing metabolites (28) (29) (30) . These data are consistent with our previous findings that during handgrip in normal humans increases in MSNA are temporally dissociated from the cellular accumulation of ADP and Pi (12) .
Because we recorded sympathetic outflow targeted specifically to skeletal muscle, our conclusions cannot be directly extrapolated to other tissues and regional vascular beds involved in the cardiovascular adjustments to static exercise. Blood pressure and heart rate responses in patients with myophosphorylase deficiency, however, may provide some important clues about the neural regulation of these hemodynamic variables during static exercise in normal humans. Attenuation of the handgrip-induced rise in blood pressure in our patients with impaired activation of MSNA supports the view that the characteristically large increases in blood pressure seen during static handgrip in normal humans are caused in part by reflex activation of MSNA (31) .
Unlike blood pressure and MSNA, heart rate increased normally during handgrip in our patients. This finding is consistent with the evolving concept that central command, rather than muscle afferents, is the principal mechanism that increases heart rate during this form of exercise (10, 13) .
In summary, this study documents a specific impairment in reflex sympathetic discharge during static handgrip in humans with myophosphorylase deficiency. In normal humans, glycogen degradation in exercising skeletal muscle may be a necessary condition for the activation ofthis contraction-induced sympathetic reflex. PATIENT 
